Abstract Global climate models project a large increase in the frequency and intensity of heat extremes (HEs) during the 21st century under the Representative Pathway Concentration (RCP8.5) scenario. To assess the relative sensitivity of future HEs to the level of greenhouse gas (GHG) increases and aerosol emission decreases, we contrast Community Earth System Model (CESM)'s Large Ensemble projection under RCP8.5 with two additional ensembles: one keeping aerosol emissions at 2005 levels (but allowing all other forcings to progress as in RCP8.5) and the other using the RCP4.5 with lower GHG levels. By the late 21st century (2060-2080), the 3°C warmerthan-present-day climate simulated under RCP8.5 could be 0.6°C cooler (0.9°C over land) if the aerosol emissions in RCP8.5 were not reduced, compared with a 1.2°C cooling due to GHG mitigation (switching from RCP8.5 to RCP4.5). Aerosol induced cooling and associated HE reductions are relatively stronger in the Northern Hemisphere (NH), as opposed to GHG mitigation induced cooling. When normalized by the global mean temperature change in these two cases, aerosols have a greater effect than GHGs on all HE statistics over NH extra-tropical land areas. Aerosols are more capable of changing HE duration than GHGs in the tropics, explained by stronger dynamical changes in atmospheric circulation, despite weaker thermodynamic changes. Our results highlight the importance of aerosol scenario assumptions in projecting future HEs at regional scales.
. Consistent with the global mean surface temperature increase in the past few decades, the frequency and intensity of HEs have increased (Meehl et al. 2009; Peterson et al. 2013) . Numerous studies have found that anthropogenic factors are responsible for increases in HEs (Stott et al. 2011) . Under a business-as-usual scenario of greenhouse gases (GHGs), Meehl and Tebaldi (2004) projected a large increase in HEs over the United States (US) and Europe. Using model outputs from the Coupled Model Intercomparison Project Phase 5 (CMIP5), Wuebbles et al. (2014) showed that the hot spell temperature increases range from 5°C in the Southern US and West Coast to 7°C in the Midwest. Under this warming condition, current annual maximum temperature extremes are projected to occur every year over the entire US at 2080-2100.
The occurrence of HEs simulated by CMIP5 has been assessed using the concept of return level and return period or simple indices (Sillmann et al. 2013) . Both approaches project increases in HEs under the Representative Concentration Pathway (RCP) 8.5, a scenario that assumes a rapid increase in GHG concentrations and total radiative forcing in the 21st century (Riahi et al. 2011) . The magnitudes of projected HEs, however, can be uncertain because climate models have different climate sensitivities and therefore different estimates of warming magnitudes (Wuebbles et al. 2014) . Other sources of uncertainty in future projection come from uncertainties in climate scenarios, regional differences in warming patterns in different models, and the inherent internal variability in the simulations.
This paper is part of the Benefits of Reducing Anthropogenic Climate Change (BRACE; O'Neill and Gettelman 2015) project, which aims to assess different climate change outcomes under different RCP scenarios. To assess the scenario dependence of projected future HEs, Oleson et al. (2015) analyzed the Community Earth System Model (CESM) projections under both RCP8.5 and RCP4.5. RCP4.5 has a lower carbon dioxide (CO 2 ) concentration by the end of 21st century (Thomson et al. 2011 ) than RCP8.5, and therefore the model driven by RCP4.5 simulates less warming. In addition to Oleson et al. (2015) , there are a few other studies in this special issue concerning future evolution of HEs (e.g. Wehner 2015, and Lehner et al. 2015) , which used different estimates of HEs (return levels and record setting temperature).
In the RCPs, the total aerosol optical depth increases in the 20th century and decreases in the 21st century (Lamarque et al. 2011) , hence there is less negative forcing from aerosols (contributing to warming) during the 21st century. Forcing agents other than GHGs and aerosols (such as land use) have a small effect on global mean temperature (Brovkin et al. 2013; Lawrence et al. 2015) . Several studies have attempted to use idealized model experiments with fixed aerosol emissions throughout the 21st century, complemented by simulations under the RCP scenarios, to isolate the climate impact of aerosols. Levy et al. (2013) showed that the Asian monsoon precipitation would intensify in the future in response to aerosol reductions. Rotstayn et al. (2014) used a similar strategy to explore the mid-latitude temperature response and the shift of the jet stream due to aerosol decline. Although it is recognized that the current aerosol cooling implies more heating in the future once the aerosol masking effect is lifted following air pollution controls (Wigley 1991; Ramanathan and Feng 2008) , what is less discussed is the effect of aerosols on HEs.
The scenario dependence examined by contrasting RCP8.5 and RCP4.5 is largely determined by the GHGs, because both RCP8.5 and RCP4.5 similarly assume a sharp reduction, globally and regionally, in aerosol emissions. Future climate projections, however, depend on both GHG and aerosol scenarios. Additional simulations are needed to provide insight on the relative contribution of GHGs and aerosols, and in particular the distinct physical mechanisms. As such, we view our paper as complementary to the BRACE by bringing out the potential (and different) role of aerosols in mitigating climate change. This paper is organized as follows: the methods are described in Section 2. In Section 3, we show that HEs by the end of 21st century are projected to be more severe than those in the presentday, driven by two factors: a hike in GHG concentration, and to a smaller extent, a sharp decline in aerosol emissions. Conclusions are drawn in Section 4.
Methods

Global climate model description
CESM1 is a coupled ocean-atmosphere-land-sea-ice model. CESM1 climate simulations for the 21st century are documented in Meehl et al. (2013) , and the simulation results are part of the CMIP5 dataset. Anthropogenic forcing in CESM1 includes GHGs as well as time and space-evolving tropospheric ozone, stratospheric ozone, aerosols and tropospheric oxidants (Lamarque et al. 2011) . A three-mode modal aerosol scheme (Liu et al. 2012) prognostically calculates aerosol concentrations and masses using internally mixed representations of number concentrations and mass for Aitken, accumulation, and coarse modes of various aerosol species (sulfate, black carbon, organic carbons, dust, sea salt). Indirect forcing due to aerosols is included (Morrison and Gettelman 2008) for both liquid and ice phase clouds (Gettelman et al. 2010) . The resolution of both atmosphere and ocean models is approximately 1 degree.
Model experiments
To explore the relative contribution of GHGs and aerosols we utilized three sets of simulations:
(1) RCP8.5 Large Ensemble. The RCP8.5 Large Ensemble (30 members) aims to quantify the role of natural variability in future climate change (Kay et al. 2014) . All model simulations use the same trajectory of GHG and aerosol forcing, and their only difference is their atmospheric initial condition. (2) RCP4.5 Medium Ensemble. This 15-member ensemble simulation is similar to the Large Ensemble but follows the RCP4.5 scenario (Sanderson et al. 2015) . By contrasting RCP4.5 and RCP8.5 simulations, we can assess the avoided climate change due to a moderate GHG mitigation. There are only slight differences in aerosol surface concentrations between the two scenarios ( Fig S1b) . And this difference is much smaller (<20 %) than the magnitude of aerosol reduction in RCP8.5 (Fig S1c) , which we used to derive Baerosol contribution^with a third set of simulations. (3) RCP8.5 with fixed aerosols Medium Ensemble. This 15-member ensemble simulation uses the same forcing as RCP8.5 except that all aerosol emissions and tropospheric oxidants are fixed at 2005 levels. By contrasting this simulation to RCP8.5, we assess the climate change that would occur if the sharp reduction of aerosol emissions in RCP8.5 were not adopted. While most of studies in this special issue focused on avoided impact between RCP8.5 and RCP4.5, Lin et al. (2015) used an approach similar to ours in order to understand relative contributions of aerosols and GHGs to future land aridity. We note that constant aerosols emissions are defensible for a RCP8.5 world, but they would be less likely in RCP4.5, which is a mitigation scenario.
Definition of HEs
The definition of HEs (frequency, intensity, and duration)^used in this paper is the same as Oleson et al. (2015) . We use the daily mean temperature at 2 m above the ground exceeding the 98th percentile of the present-day climate as criteria for identifying HEs. Note that no bias correction based on observations is here applied to the HEs estimates. If two or more consecutive days are identified as HE days, this is counted as a single HE event. The total number of days in all HE events in a given year divided by 365 defines the frequency of HEs. The temperature during all HE events defines the intensity of HEs. The average number of days in a single HE event defines the duration of HEs. The sensitivity to the definition of HEs is discussed in Table 1 .
3 Results and discussions
Avoided warming and HEs due to GHG mitigation vs aerosols
Under RCP8.5, global mean surface temperature by the end of the century (2060-2080) is about 3°C higher than that in 2005-2015. Fig. 1 (a) shows the regional distribution of model projected annual mean temperature under RCP8.5 at 2060-2080, and avoided warming due to GHG mitigation and aerosols. GHG mitigation from RCP8.5 to RCP4.5 leads to 1.2°C of avoided warming. This is consistent with earlier results (Meehl et al. 2013 ) and other CMIP5 model results. The land temperature shows a more pronounced avoided warming of 1.6°C, which is also a robust feature across models. Similarly, due to GHG mitigation from RCP8.5 to RCP4.5, the intensity, frequency and duration of HEs drop considerably (Table 1 and Fig. 2 ). Under the RCP8.5, the mean HE frequency (2060-2080) is 36 % (132 days per year) compared to 21 % in RCP4.5. Over land Table 1 (2013) is defined from the daily maximum temperature (Tmax), not Tmean as in our study. We tested the sensitivity of using the daily maximum (Tmax) and the daily minimum temperature (Tmin). If we used Tmin, the HE frequency change in response to GHG mitigation at 2060-2080 is relatively larger (−15.0 %) as opposed to the results if using Tmax (−13.4 %). Conversely, the change in the duration is slightly larger in the Tmax analysis (−13 days) than using Tmin (−7 days). However, the differences between using Tmax and Tmin are not statistically significant considering the ensemble variance. Furthermore, we do not find major difference between using Tmax and Tmin for aerosol cases either, although arguably aerosols cool the planet by reflecting the solar radiation in the day
areas only, the frequency drops from 26 % in RCP8.5 to 15 % in RCP4.5, as many HE events occur over tropical oceans. The mean duration of HE events would also drop from 19 days in RCP8.5 to 9 days in RCP4.5 (Table 1a) . The standard deviation of GHG-mitigation avoided warming (1.2°C) across ensemble members is about 0.3°C (Table 1a ), suggesting that the cooling at 2060-2080 due to GHG mitigation Table 1 . Fig. 2 (a1) The reduction of HE intensity (°C) due to GHG mitigation from RCP8.5 to RCP4.5. (a2) The reduction of HE intensity (°C) due to fixing present-day aerosols. (b1-b2) The reduction of HE frequency (%). (c1-c2) The reduction of HE duration (days) (RCP8.5 to RCP4.5) is robust. The changes of HE statistics discussed above are also statistically significant. For 2030-2050, however, the avoided warming and HEs are subject to greater uncertainty (Table 1b) , due to the smaller separation of GHG levels between the two scenarios. Moreover, the regionally averaged avoided warming is more uncertain than the global average due to larger natural variability at smaller scales, as demonstrated in Sanderson et al. (2015) .
When aerosol emissions are fixed at present day levels, the global mean temperature at 2060-2080 is 0.6°C lower than in RCP8.5 (Table 1a ). This suggests that in the 3°C warming (from 2005 to 2015 to 2060-2080) under RCP8.5, 20 % can be attributed to a decline in aerosol emissions from present day. Associated with the 0.6°C cooling, our simulations also show that the global averaged HE frequency are reduced by 6 % along with a 7-day decrease in the duration of HE events due to aerosols (Table 1a ). The ensemble variances of these estimates are larger than corresponding GHG cases (parenthesis in Table 1a ), but the cooling and HEs reduction is robust.
Comparatively, the avoided global warming at 2060-2080 due to keeping aerosols at current levels is about 50 % of that due to switching from RCP8.5 to RCP4.5 (largely due to GHG mitigation), and this ratio is largely similar for other HE-related statistics (Table 1a) . However, the relative contribution of aerosols can be different if we consider other time periods. At 2030-2050, aerosols contribute 0.33°C of cooling as opposed to 0.38°C from GHG mitigation (Table 1b) . The larger ratio (87 % as opposed to 50 % for 2060-2080) is because the aerosols are projected to decrease sharply after 2010, while the increasing of GHG level is more gradual. Moreover, aerosols cause a relatively larger cooling effect over NH, as opposed to more uniform cooling from GHG mitigation. At 2030-2050, the cooling over some NH regions is even stronger in aerosol case than in GHG mitigation case (Fig. 1b) , and similarly for HE changes (Fig. 2) .
Aerosols' relative role in climate change is sensitive to the time scale of interest, and shortlived aerosols are shown to play a vital role in mitigating near-term climate change (Hu et al. 2013) . Our results reaffirm that declining aerosols cause a fraction of future warming and HE increase, and the relative role of aerosols compared to GHGs is particularly large in the near term and in low-GHG scenario.
Spatial pattern of HE changes normalized by global temperature change
We now use the 2060-2080 data to calculate diagnostics based on the normalization with respect to the global mean surface temperature change. The motivation for the normalization process is to understand differences in the spatial pattern of climate response due to aerosols or GHGs. In other words, we aim to address the following question: given the similar amount of global cooling due to GHG mitigation or aerosols, would there be any differences in spatial pattern of HE change? Table 2a shows that under a 1-degree avoided warming (relative to the 2060-2080 projection in RCP8.5) due to either GHGs mitigation or aerosols, the frequencies of HEs decrease by about 10-12 %/°C in both cases, durations decrease by about 9-12 days/°C, and the intensity decreases by 0.45°C/°C. The influences of aerosols to the duration and the intensity are only slightly larger than those of GHGs. This suggests that the global mean temperature change is indeed a good predictor of the global mean statistics of HEs, consistent with Lau and Nath (2012) .
Despite the similar global mean responses per degree of avoided warming, the geographic distribution of temperature and heat extreme change is of greater interest for pattern scaling purposes. The normalized temperature change (with respect to global mean temperature change) is shown in Fig. 3 . The geographic pattern of avoided warming due to GHG mitigation is largely uniform globally with some amplification over NH high latitude regions (Fig. 3a) . In contrast, the cooling patterns associated with aerosols feature strong hemispheric asymmetry with the cooling magnitude decreases in the Southern Hemisphere (Fig. 3b) .
The relative contribution of GHGs and aerosols is further assessed in Fig. 3c by plotting the relative ratio of normalized temperature changes between GHG mitigation case and aerosol case minus one. Positive values indicate a larger influence from aerosols to local temperature change. Over North America, Europe and East Asia, the aerosol influence to regional temperature (per unit of global temperature change) is almost 30 % larger than that of GHGs. The tropics and mid-latitudes in the Southern Hemisphere are more influenced by GHGs. The regions where aerosols play a dominant role in reducing warming are collocated with larger changes in aerosol loading (Fig. 3d ). Temperature change pattern over NH extratropical oceans are also strongly influenced by the aerosols, as the aerosols (despite of smaller loading than over land) have large effects through brightening marine clouds over dark ocean surfaces.
A similar picture is found in the HE intensity and frequency (Fig. 4a, b) , which follow the temperature pattern change closely. In the RCP8.5 scenario, at the end of the 21st century, more than 90 % of the days in the tropics and 30 % of the days in most mid-latitude regions (e.g., North America and Asia) are classified as HEs. In response to GHG mitigation or the continued emission of present-day aerosols, the largest reduction in HE frequency is seen in the tropics (where climatological HEs persist), as well as in some mid-latitude regions, especially for the aerosol case (Fig. 4b) . Hence, per degree of global mean avoided warming, aerosols play a large role in controlling HEs over the NH extra-tropical land regions.
Over the United States (US), the aerosol influence to regional cooling (per degree of avoided global warming) is 40 % larger than GHGs, especially over the Eastern and Southern US, consistent with larger aerosol emission changes (Fig. 3d) . This is consistent with earlier studies that related the observed warming hole over the Eastern US in the mid-20th century to the aerosol increases at that time (Leibensperger et al. 2012) . The frequency change is also larger in the aerosol case (a 12.2 %/°C decrease as opposed to a 9.6 %/°C decrease in the GHG mitigation case, Table 2b), especially along the West Coast, Texas, and the Eastern US. Only in a smaller fraction of regions (e.g., Montana) is the GHG influence larger. The Table 2 a Similar to Table 1 change in the duration of HE events is mostly found in the Eastern US, with a reduction of more than 10 days.
From the regional pattern of HEs response to aerosols and GHG mitigation (Fig. 3 and Fig. 4) , as well as the regional statistics at the continental scale (Table 2b) , we conclude that global mean temperature is not a good predictor of regional changes in HEs. However, HE changes mostly due to GHGs are expected to scale well with the global mean temperature change (Lau and Nath 2012) .
Understanding the changes of HE durations over the tropics
Given the same number of days of HEs per year (frequency), the duration of HE periods is an additional factor to consider in assessing health impacts. The tropics feature long lasting HEs by the end of the 21st century under RCP8.5, with single HE event as long as 50 days. Based on our simulations, we find that per degree of global temperature change the aerosols play a stronger role in controlling HE duration not only in NH but also in the tropics (Fig. 4c) . This is in contrast with stronger role of GHGs in controlling intensity and frequency change over the tropics (Fig. 4a, b) . Such a different perspective regarding the patterns of HE frequency/ intensity and duration has received little attention in the literature. It is often assumed that HErelated metrics all follow surface temperature and that warmer places will experience longerlasting HEs. We now examine under 1°C global cooling, why the aerosols in the tropics induce less cooling (Fig. 3) and smaller reduction in the intensity and frequency (Fig. 4a, b) , but larger reduction in the duration of HEs. Table 1a . The global and regional averaged values are shown in Table 2 . c The relative role of (b) and (a) calculated as (b)/(a)-1. (d) Change in the surface mass concentration (μg/m3) of sulfate aerosols between present-day and 2060-2080 in RCP8.5, which is largely responsible for the cooling in (b) We use two metrics to diagnose the atmospheric variability at short time scales (days to weeks) that influences HE duration. The first one is the standard deviation of sea level pressure (std(PSL)). This metric has been related to the occurrence of mid-latitude cyclones with implications on air quality extremes (Leibensperger et al. 2008) . The climatological std.(PSL) is lower in the tropics indicating lower variability (Fig. 5a1) . Larger std.(PSL) in the cooling cases (either due to aerosols and GHG mitigation) indicates more variability (not shown). The difference between aerosols and GHG mitigation cases (Fig. 5a2) suggests a larger increase in std.(PSL) from the aerosols (red areas, in particular over South America) that contributes to a shorter duration of HEs.
Secondly, we assess the occurrence of stagnation days. Days with wind speed at 500mb (millibar, approximately 5000-6000 m above the sea level) less than 6.5 m/s and wind speed at the surface less than 1.6 m/s are classified as stagnation days. Note this definition is modified from that in Horton et al. (2014) . Notably, we did not include daily precipitation as part of stagnation index definition, because the local rainfall changes, especially zero rainfall days, are less robust across the simulations. Moreover, precipitation component of stagnation index is most relevant to air pollution dispersion issue than HEs. Under the modified the stagnation definition, tropical regions are occupied by more stagnation days (Fig. 5b1) than mid-latitudes, indicative of a lower atmospheric variability. Similar results in present-day distributions can be found in some earlier studies (e,g, Leibensperger et al. 2008; Tai et al. 2012; Horton et al. 2014) . Horton et al. (2014) showed that stagnation days would generally increase under global warming. Conversely, in the cooling cases (either due to aerosols or GHG mitigation), tropical stagnation days would decrease in number. The decrease in number of stagnation days per year is larger in the aerosol-induced cooling case (Fig. 52, red areas) , also accompanied by larger decrease of stagnation event duration (0.5-1 days). Fewer In line with the theory of tropical expansion under global warming conditions (Lucas et al. 2014) , the tropics could contract under a cooling scenario. This contraction of tropics is characterized by an equatorward shift of jet stream (the climatology shown in Fig. 51 ), both in response to GHG mitigation and aerosol induced cooling. Again, the equatorward shift of the mid-latitudes jet stream is stronger in response to aerosols than to GHG mitigation (Fig. 52) . The stronger impact of aerosols in influencing jet streams was examined by Xu and Xie (2015) , who argued that aerosols cause a stronger perturbation to the north-south seasurface temperature gradient than GHGs, and aerosols consequently lead to southward shift of the NH branch of the Hadley cell. The jet stream shift is in the same direction of the Hadley cell shift, and it brings more extra-tropical atmospheric variability into the tropics.
Summarizing from multiple lines of arguments, aerosols have an edge in perturbing the atmospheric variability in the tropics. This stronger dynamical perturbation leads to a larger reduction in the duration of HEs by reducing the stagnant meteorological conditions that favor HEs. Despite of a stronger dynamical impact in the tropics, aerosols have a weaker thermodynamic impact than GHGs that governs the changes of intensity and frequency of HEs.
Population exposures to HE changes
Because HEs have negative impact on human health, it is worth considering the HE statistics in terms of population-weighted averages instead of area-weighted averages, which is directly relevant to issues of human mortality and morbidity (Anderson et al. 2015) . The population density projection at 2070 we use here is based on the Shared Socioeconomic Pathways 5 (SSP5, methods in Jones and O'Neill 2013) . Population-weighted aerosol influence is even larger, because more people live in the NH and most aerosol emissions are from NH land. Under the 1-degree avoided warming scenario, cooling experienced by the population is 20 % larger due to aerosols (parenthesis in Table 2a ). Due to the collocation of aerosol emissions and population density, changes in aerosol concentrations may induce regional changes in HEs that even outweigh the influences of GHGs in certain regions (US, Europe, and East Asia). Jones et al. (2015) compared population exposure to HEs using the same definition as used here under various RCPs and SSPs. The additional insight of our study is that aerosol effects may be especially important, as they are co-located with high population density.
Therefore, to better quantify future human exposure to HEs, we need to improve understanding of the regional climate impact of aerosols. Although a future decline in aerosols would induce more HEs, the direct benefits to public health from cutting particulate matter pollutions (e.g. Fang et al. 2013 ) may still outweigh the indirect negative consequence of HEs. Nevertheless, such a trade-off in pollution-related health impacts should be studied in a systematic way (Ming et al. 2005 ).
Concluding remarks
Given the short lifetimes of aerosols, their atmospheric concentrations and radiative forcing are strongly influenced by economic activities and the intensity of local to regional emission sources, all of which are highly uncertain for the future. Earlier scenarios such as used in CMIP3 have adopted various aerosol scenarios, including a sharp reduction after 2025 in A1B and B1, as well as a near-constant value in A2. In contrast, all four scenarios of the current RCPs used in CMIP5 assume sharp reductions in global aerosol emissions, making it difficult to assess the dependence of the scenarios on aerosols. But there is no guarantee that aerosol decreases will be as sharp as in the RCPs or that the aerosol emissions will decrease at all. For example, the upper bound of the non-mitigation scenario of van Vuuren et al. (2008) maintains a present-day level of sulfur dioxide emissions. There are also observational evidences from satellites (e.g. Zhang and Reid 2010) that the aerosol optical depth over the ocean has not declined since 2005, contrary to what is projected in the RCPs. Scenarios used in future CMIP6 (SSPs) are likely to have more diversity in aerosol projections. The RCP8.5 fixedaerosol simulations in this study are designed to test the sensitivity of future climate projections on the aerosol scenarios.
Although we aimed to separate the effect of GHG and aerosol scenarios on future warming and to explain the physical mechanism behind the distinct spatial pattern, it should be noted that in real world, GHG and aerosol emission are from similar sources. Most of the aerosol decrease is through the implementation of pollution controls, but changes in the energy sources could also contribute. A recent study estimated possible ranges of air pollutant emissions consistent with four RCPs under various levels of air pollution control (Rogelj et al. 2014) . While constant present-day aerosols might materialize in RCP8.5 world due to failure of airpollution controls, even a failure of more stringent air-pollution controls would not allow for aerosol emissions to stay at present day in RCP4.5, in which overall fossil fuel consumption is projected to decrease.
This study demonstrates that the HE projections and the avoided impact assessments based on global climate model simulations will be affected not only by differences in GHG levels, but also by differences in aerosol emissions. By analyzing large ensembles of global climate model output under different GHG and aerosol scenarios, we show that a significant fraction of global warming at 2060-2080 is contributed by declining aerosols (20 % under RCP8.5), and the fraction of contribution is larger for the near term . GHG mitigation or continued present day aerosol loading would avoid the warming projection at 2060-2080 under RCP8.5 by 1.2°C and 0.6°C, respectively, accompanied by reductions in HE statistics.
To focus on the spatial pattern of HE response, we apply the normalization to the avoided warming at 2060-2080 with respect to the global mean temperature change. Per degree of temperature change, aerosols have a greater effect on all HE-related statistics (frequency, duration and intensity) over NH extra-tropical land, related to greater aerosol loadings there. Moreover, for the near term (2030-2050, Table 1b), the conclusion that aerosols have a larger role over NH holds true even without normalization because of a large aerosol reduction in the near term. Over the tropics, GHGs appear to have a stronger thermodynamic role in reducing HE intensity and frequency because of lower anthropogenic aerosol emissions in the tropics. However, we highlight that the tropical HE duration is more strongly influenced by aerosols because of dynamic changes to atmospheric variability. Overall, our study highlights the importance of aerosol scenarios in projections of future HEs.
These estimated changes in HEs are consistent with other estimates using CESM and from other CMIP5 models (Sillmann et al. 2013 ). The regional distribution might be different because of model structure differences, although Fischer et al. (2014) claimed that the forced responses in temperature extremes are in better agreement across models than the mean temperature. Therefore, our analysis based on one model is likely to be robust across models, but more research using a similar approach is needed to assess the generality of our results.
